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ABSTRACT

Labidocera aestiva were collected from three distantly separated sites along the

Atlantic coast of the United States. Their offspring were reared in the laboratory
under several combinations of photoperiod and temperature to assess the diapause

response and genetic similarity of the populations. The results indicate that L. aestiva

is not genetically homogeneous throughout its range. Differences in the percentage
of subitaneous and diapause eggs produced by laboratory-reared and field-collected

populations reflected the unique combination of environmental conditions occurring
in the geographic regions from which the animals originated. In the Virginian province
where planktonic stages of the species are seasonally present, diapause egg production
is triggered by short day length photoperiods and cool temperatures. On the other

hand in the Carolinian province where the planktonic stages tend to occur year-round

diapause eggs are rarely produced by either field-collected females or their laboratory-
reared offspring. This suggests that most of these animals lack the genetic capacity
to produce diapause eggs. Diapause may lead to the reproductive isolation of pop-
ulations if gene flow is reduced or prevented owing to their separation on a tem-

poral scale.

INTRODUCTION

It has long been recognized that many marine planktonic organisms have very
broad spatial distributions which often encompass an extensive latitudinal gradient

(see discussions in Ekman, 1953; Raymont, 1963; Fleminger, 1975; Van der Spoel
and Pierrot-Bulls, 1979). This pattern has been attributed largely to their potential
for passive dispersal across great distances in ocean currents. Despite evidence of

phenotypic differences in morphological, behavioral, and/or physiological traits be-

tween populations from distant areas, marine biologists have argued that planktonic

species are genetically homogeneous due to the potential for considerable panmixia
(i.e., random interbreeding of populations). Consequently, the observed phenotypic
differences have often been ascribed to environmental modification. Progress in de-

termining the basis for such variation has been hindered by difficulties encountered
in obtaining, maintaining, and rearing planktonic species for genetic studies (Paffen-

hofer and Harris, 1979). However, some insight into the genetic structure of planktonic

populations has been gained from electrophoretic studies (e.g., Manwell et al, 1967;

review by Gooch, 1975; Ayala and Valentine, 1979). An important outcome of these

studies is that planktonic species are no longer regarded as necessarily being genetically

homogeneous. A weakness with this approach, however, is that the adaptive significance

of different electromorphs (i.e., mobility variants revealed by electrophoresis) is often
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unknown. Thus, their importance in the evolutionary process and the formation of
new species is difficult to assess. Studies that provide insight into the genetic divergence
of traits of obvious adaptive significance should lead to a better understanding of the

mechanism(s) which enable species to cope with environmental change, the potential

importance of emigration in the re-population of foreign areas, and the evolutionary

steps that are basic to speciation.

Labidocera aestiva is a calanoid copepod reported to occur in North American
coastal waters from the Gulf of St. Lawrence to the Gulf of Mexico (Grice, 1956;

Fleminger, !957; Deevey, 1960; Cronin et ai, 1962; Anraku, 1964; Van Engel and
Tan, 1965; Bowman, 1971; Turner et ai, 1979). In the northern portion of the range

(e.g.. Vineyard Sound, Massachusetts) it is seasonally present in the plankton. Adults

appear in mid-June and give rise to a series ofgenerations stemming from subitaneous

eggs which hatch within a few days of extrusion. By mid-December nauplii, copepodids,
and adults disappear from the plankton, but the species maintains its presence in the

area in the form of benthic diapause eggs (Marcus, 1979). Diapause eggs are produced
during the fall, but do not hatch until the following spring. Thus, the first generation
of animals that appears in June is derived from these diapause eggs. The ecological

significance of the benthic diapause stage is that it enables survival of individuals

during the periods that cannot be tolerated by the planktonic stages. The onset of

diapause prevents the waste of partial generations. The termination of diapause syn-
chronizes the life cycle of the species with the environmental regime so that devel-

opment, growth, and reproduction are optimized. By rearing the offspring of females

collected in Vineyard Sound, Massachusetts in the laboratory it has been shown that

the type of egg produced by a female is triggered by a temperature-compensated
photoperiodic response (Marcus, 1980a, b; 1982a, b). Short day lengths and cold

temperatures are most effective in the induction of diapause eggs, whereas long day
lengths and warm temperatures are more effective in the induction of subitaneous

eggs. There is some variation among female L. aestiva in the particular combination
of photoperiod and temperature which effectively triggers diapause egg production,
and this variation helps to ensure survival of the species despite year to year fluctuations

in environmental conditions.

The seasonal cycling of environmental conditions varies considerably along the

latitudial gradient inhabited by L. aestiva resulting in longer periods of occurrence
of populations in the plankton as one moves in a southerly direction. In Florida,

where seasonal environmental fluctuations are small, the growth, development, and

reproduction of L. aestiva in the plankton continues throughout the year (Bowman,
1971; Blades-Eckelbarger, pers. comm.). Published data on the temporal distribution

pattern of the species along the coast (Deevey, 1960; Cronin et al, 1962; Bowman,
1971; Lonsdale and Coull, 1 977) indicates that the timing and/or expression ofdiapause

may differ between populations. These differences could reflect either environmental
modification of the phenotype or genetic differentiation.

This study was designed therefore to determine and compare the diapause response
of populations of L. aestiva from different locations along the latitudinal gradient
which makes up its range on the Atlantic coast of North America. The study used
two approaches: 1 ) determination of the type(s) of eggs produced under a range of

photoperiodic and temperature conditions by laboratory-reared offspring of different

geographic heritages and 2) determination of the type(s) of eggs produced by freshly

caught females from the field. The results indicate that the species is spatially subdivided
into populations which differ in the expression of certain diapause traits and that

these differences reflect genetic divergence. This differentiation exists despite the ap-

parent potential for extensive transport and mixing of the planktonic stages in the
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ocean currents. Diapause thus represents an adaptive response which may be of
fundamental importance in the evolutionary process of speciation of some marine

planktonic organisms.

MATERIALS AND METHODS

Labidocera aestiva were collected from the plankton during a three-year period
from September, 1979, to August, 1982, at four locations along the East coast of the
United States: Delaware Bay, Delaware; Wachapreague Inlet, Virginia; Beaufort Inlet,

North Carolina; and Fort Pierce Inlet, Florida. Samples were collected with 240 pm
mesh plankton nets (mouth diameter either 0.25 or 0.75 m). The nets were either

towed for five to ten minutes off a boat or in the case of some collections from

Beaufort, the net was suspended off the Fivers Island bridge for several hours. The
surface water temperature was determined at the time of each collection. In the

laboratory adult L. aestiva were removed from the samples using a wide-mouth

pipette and placed in large buckets containing filtered (5 micron) sea water. The
contents were aerated and Gymnodinium nelsoni or Anemia nauplii were added to

the containers as food. Within one to three days the animals were transported back
to Woods Hole in insulated containers for experimental manipulation. In Beaufort

and Fort Pierce, laboratory facilities were available at the Duke Marine Laboratory
and Harbor Branch Foundation respectively, which made it possible to do the ex-

perimental analyses of the field-collected females within 24 hours of collection. If

sufficient numbers of L. aestiva were present in the plankton samples, then some
females were removed from the buckets, placed into small dishes containing filtered

sea water and Anemia nauplii, and incubated overnight at room temperature (i.e.,

20C-23C). The following day eggs were collected and transferred to another dish

containing filtered sea water. The eggs were examined after 2 to 3 days to determine
the number that had hatched. After five days unhatched eggs were placed into glass

screw-capped jars containing filtered sea water and chilled at 5C in a refrigerator.

These jars were transported back to Woods Hole and subsequently maintained at

5C. After chilling for a minimum of 4 weeks the jars were warmed at 19C or 25C
and the number of eggs that hatched after this treatment was determined. The adults

which were transported back to Woods Hole were maintained for as long as possible
in the laboratory, in either buckets or 19 liter glass carboys. The buckets were provided
with airstones, whereas the carboys were mounted on a mechanical rotator. In both
cases the animals were provided with a mixed diet of four dinoflagellates: Gymnodinium
nelsoni, Prorocentrum micans, Gonyaulax polyedra, and Scrippsiella trochoideum

(previously referred to as Peridinium trochoideum). These field-collected animals were
used to initiate most experimental cultures. Females were transferred from the buckets

or carboys into dishes containing filtered sea water. They were fed Gymnodinium
nelsoni and incubated overnight at 19C. The next day eggs were collected and
incubated for two more days at 19C. Hatched nauplii were placed into 19 liter glass

carboys and reared to reproductive maturity as described previously for animals from

Vineyard Sound (Marcus, 1980a, b). The carboys were mounted on a mechanical

plankton rotator in an environmental chamber equipped with light cycling and tem-

perature controls. The responses to nine different combinations oftemperature ( 14.5C,
1 8.0C, 24.0C) and photoperiod regime ( 1 8L-6D, 1 2L- 1 2D, 8L- 1 6D) were examined
as was done previously for the animals from Vineyard Sound (Marcus, 1980a, 1982b).
The temperature fluctuated 1 C throughout the 24-hour cycle. Delaware Bay animals
were also reared at one additional set of environmental conditions (i.e., 10L-14D at

18C). Due to equipment problems, the temperature level occasionally exceeded the
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set point by several degrees. Such failures were remedied within 24 hours and only

rarely resulted in the mass mortality of animals in the experimental carboys. On
these occasions new cultures were started to obtain the necessary data. Breakdowns
also affected some of the algal cultures used for feeding so that periodically the diet

had to be modified to include more or less one of the food species. Every effort was

made to initiate experiments from the eggs of field-collected adults or the second

generation offspring (to reduce the possible effects of selection due to laboratory

conditions). This was not always possible due to the difficulties encountered in obtaining
animals from the different sites. Thus a few experiments were started from the eggs

of third generation animals, and one (Dl 1) was based on those of fourth generation
animals. For all experiments the same schedule of feeding, transfer of animals to

clean sea water, and egg collection reported by Marcus (1980a, 1982b) was followed

in this study. Also the types of eggs which were produced were determined for each

set of conditions according to the criteria of Marcus (1982b).

RESULTS

Seasonal field data: adult abundance and temperature conditions

The location of the four sites sampled in this study and the Vineyard Sound site

sampled by Marcus (1979, 1980a, 1982a, b) are shown in Figure 1. L. aestiva was

first obtained from Fort Pierce in September, 1979. Thereafter animals were obtained

in April, 1980, 1981; January, 1981; February, 1981, 1982; August, 1981; and Sep-

tember, 1981. The surface water temperature ranged from 17C in January to 27C
in August and September. Although the spatial distribution of L. aestiva was somewhat

patchy in this area (i.e., sometimes a tow would have no L. aestiva, yet moving to

another spot yielded hundreds to thousands) adults were always abundant. This is a

qualitative description of the samples as the methods of collection were not designed
for a quantitative analysis. On the other hand, L. aestiva were not so readily obtained

in Beaufort. A sampling trip in April 1981 yielded only a few adults. Adults were

successfully collected in July, 1981, November, 1981, and August, 1982, but never

in the quantities encountered at Ft. Pierce. The surface water temperature ranged
from 13C in April to 30C in July. Considerable difficulty was encountered in

obtaining L. aestiva in Wachapreague Inlet. Numerous tows taken in November,
1981, yielded no animals. The water temperature was 1 1C. In June, 1982, L. aestiva

adults were still not abundant, although some copepodites were present. The water

temperature was 20C. In July, 1982, adults again were not obtained. Thus, in July,

1982, Delaware Bay was chosen as a new study site. Several tows were taken and by

pooling their contents hundreds of females were obtained. The water temperature at

this time was 22C. We returned to this location in August, 1982, but were unable

to obtain sufficient animals. Thus all experimental manipulations for Delaware Bay
were based on the one collection of July, 1982.

Egg production by field-collected and laboratory-reared females

Offspring of Delaware Bay, Beaufort, and Fort Pierce heritages were successfully

reared through reproductive maturity under all of the combinations of photoperiod
and temperature tested. The percentages of eggs that hatched after the initial incubation

at 25 C and that which hatched after prolonged exposure to 5C are shown for each

carboy in Tables I, II, and III. F values derived from an analysis of variance for the

arc-sin transformed data indicate no significant difference between the means of

replicate carboys for 23 of the 28 combinations tested. The average percentages of
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FIGURE 1. Location of study sites.

subitaneous, diapause, and non-viable eggs at each photoperiodic and temperature

regimen are summarized in Figure 2.

Laboratory-reared females of Ft. Pierce heritage rarely produced diapause eggs

(less than 2.0% of all eggs produced) even under the short day length and cool

temperatures that favor their production by Vineyard Sound animals (data of Marcus,
1980a, 1982b). Similarly, diapause eggs were rarely obtained from the field-collected

specimens.
Animals of Beaufort heritage responded differently. Diapause eggs were obtained

from laboratory-reared females under short day length conditions, but not consistently,
and not in large numbers (e.g., 6.0%). Diapause eggs (ca. 22.0%) were produced by
females collected in the field during November, 1981.

The diapause response of laboratory-reared females of Delaware Bay heritage was

quite different from the Beaufort and Ft. Pierce populations. Diapause eggs were
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FIGURE 2. Subitaneous, diapause, and non-viable egg production (percent) by females reared under

8L-16D, 10L-14D, 12L-12D, or 18L-6D at 14.5C, 18.0C, or 24.0C (1.0C). a) Vineyard Sound and

Delaware Bay, b) Beaufort and Fort Pierce. Data for Vineyard Sound from Marcus (1980a, 1982b).

consistently produced by these females. Females that were collected from the field

in July did not produce diapause eggs. For Delaware Bay animals reared in the

laboratory, short day lengths were most effective in the induction of diapause egg

production. Although a 12L-12D photoperiod at 18C did not result in a marked

decline of subitaneous egg production compared to 18L-6D, a decline in subitaneous

and an increase in diapause egg production was obtained by rearing the animals at

10L-14D at this temperature. The percentage of non-viable eggs produced ranged
from 3.0% to 29.3% for the entire study, but most values were less than 15.0%.

DISCUSSION

The results of this study demonstrate that L. aestiva is not genetically homogeneous

throughout its range, but rather is composed of distinct populations genetically adapted

to local environmental conditions. Within each region the critical photoperiod for

diapause induction expressed by the population has been adjusted by natural selection

to maximize growth of the species. Due to latitudinal variation in climatic (e.g.,

temperature, Bumpus, 1957) and day length conditions (U. S. Dept. of Commerce,

1983), disruptive selection has promoted differentiation of populations along the

north-south gradient. This divergence has occurred despite the potential for gene flow

via transport of planktonic stages in ocean currents.
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The general lack of diapause egg production by females collected from Ft. Pierce

waters as well as from their laboratory-reared offspring strongly suggests that most
of these animals do not have the genetic capacity to produce diapause eggs. This

seems reasonable since diapause eggs would not be as important for survival in this

region owing to the species year-round presence in the plankton (P. Blades-Eckelbarger,

pers. comm.). The basis of the significant variation that exists among the replicate

carboys at 18C, 12L-12D and 18C, 18L-6D is not known. In both cases one

carboy yielded unexpectedly lower subitaneous egg production (77.8% and 71.7%,

respectively) than the other duplicate culture (92.7% and 87.7%, respectively). However,
the replicates for each set were reared at the same time and were exposed to the

identical environmental regimen and diet. The cultures were also started from the

eggs of field-collected adults or their first generation offspring so that inbreeding is

an unlikely cause.

In the Beaufort region L. aestiva adults have been reported year-round as well,

although their abundance fluctuates seasonally (Sutcliffe, 1950; Bowman, 1971). The

species is widespread across the shelf in the winter and spring, but restricted to the

coast in the summer and fall (Bowman, 1971). However, Sutcliffe (1950) indicated

that the species was present only on occasion in the Beaufort Inlet. The results of

the laboratory rearing studies reflect these seasonal patterns. Since diapause eggs were

not consistently obtained under short day length conditions in the laboratory it seems

likely that only a small portion of the females occurring in the Beaufort region have

the genetic capacity to produce diapause eggs. Thus if the animals used to start an

experiment had the genetic capacity to produce diapause eggs, then such eggs would
be produced by their offspring under the expected short day length regimens in the

laboratory. However, if the animals lacked the genetic capacity then regardless of the

environmental conditions imposed in the laboratory only subitaneous eggs would be

produced. If the frequency of individuals possessing the genetic capacity to produce

diapause eggs is small, this would account for the inconsistent results obtained in the

laboratory. The significant variation that is evident among the cultures reared at

14.5C, 18L-6D may be due to the fact that carboys B6 and B7 were third generation

offspring, but B8 was a first generation culture. However, a similar comparison between

F3 (first generation) and F4 (third generation) from Ft. Pierce at 14.5C, 12L-12D
is not significant. There were no difficulties with the incubator conditions or with

the algal cultures used in the diet when these experiments were conducted.

The occurrence ofdiapause egg production in the populations from the Carolinian

Province contrasts with that observed for populations in the Virginian Province from

Delaware Bay (this study) and from Vineyard Sound (Marcus, 1980a, 1982b). The

particular response of the population from Delaware Bay reflects the need for a

diapause stage to cope with the harshness of winter as is the case for the animals that

occur in Vineyard Sound. However, in the more southern locality (i.e., Delaware

Bay) favorable conditions for growth, development, and reproduction persist for a

great portion of the year. In this region planktonic stages are present from May to

January (Deevey, 1960; Cronin et ai, 1962). Since L. aestiva were collected from
Delaware Bay only during the month of July in this study, it is not known at what
time during the fall diapause egg production begins. As expected, diapause eggs were

not obtained from females collected in July. To take advantage of the longer growing
season, it is likely that diapause egg production does not begin in September as in

Vineyard Sound, but rather is delayed by one to two months. From October to

November in the Delaware Bay region the period of day length ranges from about

11.75 to 10.5 hours (U. S. Dept. of Commerce, 1983). Thus photoperiodic cycles

somewhere in this range should result in diapause egg production by Delaware Bay
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animals, but not a 12L-12D cycle. These predictions are supported by the laboratory

results as evidenced by the still high levels of subitaneous egg production by Delaware

Bay animals at 12L-12D, at 18C. Only with the intermediate photoperiodic cycle

of 10L-14D was diapause egg production markedly increased.

The diapause responses expressed by the laboratory-reared and field populations
of L. aestiva from the different latitudes are similar to those of many insect species.

For these animals as for L. aestiva the critical day length (i.e., that which induces

greater than 50% diapause) tends to be longer in northern populations than in southern

populations. The divergence among insect species is most for those species which
have a limited capacity for dispersal and migration (see Danilevsky, 1965; Dingle,

1978; Beck, 1980; Denno and Dingle, 1981; Dingle and Hegmann, 1982). Thus, for

L. aestiva, either such dispersal does not exist or selection overrides the homogenizing
effects of any gene flow that may occur. The females that occur in Vineyard Sound,
but do not produce diapause eggs (Marcus, 1982a) may be indicative of genetic input
from southern regions (e.g.. Ft. Pierce) via the hybridization of individuals. That such

mixing may occur in the field is suggested by the successful interbreeding of copepods
from Vineyard Sound and Ft. Pierce in the laboratory (Marcus, unpub.). Such mixing
in the field should promote variability within the populations as suggested by
Marcus (1982a).

It is commonly held that the formation of new species reflects the accumulation

of genetic differences (Mayr, 1963). But how much or what kind of differentiation

is necessary to achieve this distinction is not understood (see Milkman, 1982). It is

assumed that genetic adaptation to spatial variation and isolation by distance are of

primary importance to the process, but an additional factor which may be important
is adaptation to temporal variation (Mayr, 1963; Tauber and Tauber, 1977). In his

paper on the paradox of the plankton, Hutchinson ( 1 96 1 ) suggests that the rich species

diversity of planktonic communities in a seemingly homogeneous realm could be

attributed to temporal heterogeneity. In other words, by partitioning the environment

on a temporal scale, differences in the timing of occurrence of individuals may reduce

competition and enable more species to exist in a given area. Although we no longer

regard the marine planktonic system as spatially homogeneous, temporal heterogeneity

provides an additional dimension for divergence to occur. If so, then the existence

of mechanisms that synchronize the timing of life cycle phases with the environmental

regime must be crucial to the survival of species. Some of these mechanisms may be

life history adaptations that ensure the accurate coordination of development, growth,
and reproduction with favorable periods in the environment and conversely the cou-

pling of periods of dormancy, migration, and dispersal with unfavorable periods.

Danilevsky (1965) and Tauber and Tauber ( 198 1) rank diapause as the most important
factor contributing to the synchronization of insect life cycles, and this may well be

true for many marine planktonic organisms. The diapause response may lead to the

reproductive isolation of populations if gene flow is reduced or prevented due to their

separation on a temporal scale. Thus the timing of the appearance and disappearance
of life history phases resulting from diapause may be of fundamental importance in

the speciation process.
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